Identity elements play essential roles in the recognition of tRNAs by their cognate aminoacyl-tRNA synthetase. An operational RNA code relates amino acids to specific sequences and structural features of tRNA acceptor stems. In this study, a series of tRNA Trp variants was prepared by in vitro transcription and their efficiencies of aminoacylation by tryptophan (k cat /K m ) were measured with the aid of Bacillus subtilis and human tryptophanyl-tRNA synthetases (TrpRS). The identity elements in the operational RNA code of human tRNA Trp were found to be: major element, discriminator base A73; minor elements, G1/C72 and U5/G68. From the crossspecies aminoacylation assays, we conclude that the identity elements in tRNA Trp from B.subtilis and human all contribute to species-specific aminoacylation by TrpRS. Analyses of 22 TrpRS sequences covering three taxonomic domains (bacteria, eukarya and archaea) reveal that the sequences are divided into two evolutionarily distant groups. The same partition is also observed in the analyses of tRNA Trp acceptor stem sequences. Our data suggest that the two TrpRS groups may reflect co-adaptations needed to accommodate changes in the operational RNA code for tryptophan.
INTRODUCTION
The accuracy of protein synthesis is essential to the survival of all organisms. Aminoacyl-tRNA synthetases (aaRS) catalyze the esterification of tRNA by their cognate amino acids. The fidelity of protein synthesis thus depends on the accurate recognition by each synthetase of its substrate tRNA and amino acid (1) . The aminoacyl-tRNA synthetase family can be divided into two groups based primarily on the shared structural motifs in their catalytic domains (2) . In recent years, the identification of nucleotide determinants, specific functional groups and subtle tRNA structural features in each of the 20 aminoacylation systems has revealed the mechanism of specific tRNA selection by the synthetases (3, 4) . Moreover, the observation of at least 11 tRNA synthetases that charge minihelices based on the sequences of the acceptor stems of their cognate tRNAs (5) (6) (7) (8) provides strong evidence for an early 'operational RNA code' (9) based on acceptor stems that may have preceded the genetic code. The operational RNA code is typically comprised of 1-3 bp and the N73 'discriminator' base (10) . Strong evidence supports the notion that N73 plays a key role in the operational RNA code for many amino acids (11, 12) .
Although the 'discriminator' base is essential in synthetase recognition, the identity of N73 is not always conserved across taxa. For example, in the glycyl system, A73 is conserved in all tRNA Gly sequences from archaea and eukarya, while the tRNA Gly sequences from bacteria conserve a U at this position (13) . Meanwhile, the enzymes from Escherichia coli and human do not cross-acylate their respective tRNAs (14) . Moreover, an in vitro study indicated that species-specific aminoacylation could be switched by a single nucleotide exchange at position 73 (15) . Similarly, the conservation of discriminator base identities was found in the tRNAs of lysine, proline and histidine (13) . All these facts imply that the operational RNA code in archaea and eukarya is distinct from that in bacteria, and this difference is the main reason for the failure of crossspecies tRNA recognition.
The identity elements of Bacillus subtilis tRNA Trp were characterized previously by both in vivo and in vitro assays (12) . The identity elements recognized by B.subtilis tryptophanyltRNA synthetase (TrpRS) were established to be: major elements, the discriminator base G73 and anticodon; minor elements, A1/U72, G5/C68 and A9, in decreasing importance. The non-anticodon identity elements are mainly located in the acceptor stem of the B.subtilis tRNA Trp sequence.
Through sequence alignment of tRNAs for Trp from different sources (12), 12 bases that are uniquely common in bacterial sequences, but unshared by archaeal and eukaryotic tRNA Trp , were selected. These 12 bases, according to the sequence of tRNA Trp from B.subtilis, included A1/U72, G5/ C68 and the discriminator base G73 in the acceptor stem, A9 and U11/A24 in the D-arm and G29/C41 and U31/A39 in the anticodon stem. The counterparts in tRNA Trp from human were G1/C72, U5/G68, A73, G9, C11/G24, U29/A41 and A31/U39. In order to investigate the species-specific differences in tRNA Trp recognition, all these different bases were studied by site-directed mutagenesis. Two enzymes were chosen in our study, one is B.subtilis TrpRS, a representative synthetase from bacteria, the other is human TrpRS, a typical eukaryotic enzyme. Because of the repeatedly manifested importance of the operational RNA code in the recognition of tRNAs by *To whom correspondence should be addressed. Tel: +86 21 64374430 5222; Fax: +86 21 64338357; Email: yxjin@sunm.shcnc.ac.cn aaRS (15) (16) (17) (18) (19) (20) (21) (22) (23) , different bases in the acceptor stem were examined in detail to identify the cross-species barrier in the aminoacylation by TrpRS from human and B.subtilis. Finally, sequences of TrpRS and tRNA Trp covering three taxa were analyzed to investigate the aminoacylation systems in evolution. The results of this study contribute to our understanding of the relationship between the evolution of tRNA synthetases and the corresponding changes in tRNA acceptor stem recognition.
MATERIALS AND METHODS

Plasmids and reagents
Plasmid pKSW1 (24) , which directs overexpression of B.subtilis TrpRS, was a kind gift from Dr Xue Hong. The high level expression vector pET24a(+)-HTrpRS was constructed in our laboratory (25) . Restriction endonucleases, T4 DNA ligase and RiboMAX Large Scale RNA Production System-T7 were from Promega (Madison, WI). L-[5-3 H]Tryptophan and DEAE Sepharose CL-6B were from Amersham Pharmacia (Piscataway, NJ). L-Tryptophan was from Gibco BRL (Gaithersburg, MD). Ni-NTA-agarose was from Qiagen (Chatsworth, CA). Bovine tRNA was from Sigma (St Louis, MO).
Enzyme purification and activity assays
The purification procedure of human TrpRS was carried out as described previously with Ni-NTA-agarose (25) . The purified product was human TrpRS with a histidine tag at the Cterminus. Bacillus subtilis TrpRS was purified to homogeneity as described previously (24) . Human enzyme was assayed at 30°C in an aminoacylation mixture containing 4 mM ATP, 0.8 mM dithiothreitol (DTT),1 µCi L- [5- (25, 26) . The kinetic constants were derived from Lineweaver-Burk plots.
RNA preparation
All the tRNA variants were prepared by in vitro transcription (25) . Mutagenesis of tRNAs was accomplished as described previously (27) . All the desired mutations were verified by sequencing. The transcripts were purified by 10% PAGE under denaturing conditions. Before aminoacylation assay, transcripts were heated at 70°C for 2 min and slowly cooled to room temperature.
Sequence analyses
Multiple sequence alignments were performed using the ClustalX program (28 (12) .
To construct the TrpRS phylogenetic tree, all gaps and insertions were deleted manually from the aligned results, the remaining 244 residues were used. The tRNA Trp evolutionary tree was constructed using the acceptor stem sequences N1-N7 and N66-N73. CCA sequence at the 3′-end of the acceptor stem was not included in the calculations because it is strictly conserved in all tRNA Trp . The programs DNADIST, DNAPARS, PROTDIST, PROTPARS, KITSCH and CONSENSE in the PHILIP program package were used (30) . Bootstrap analyses were performed with 100 replicates made by SEQBOOT (30) .
RESULTS
tRNA molecules prepared by in vitro transcription do not contain the modified nucleotides found in naturally occurring tRNAs. Despite this fact, most tRNA transcripts are efficient substrates for their cognate synthetase (31) (32) (33) . In the B.subtilis TrpRS system (12), modified bases do not appear to contribute significantly to aminoacylation by B.subtilis TrpRS. Bovine and human tRNA sequences are generally very closely related or identical (13) . As purified native human tRNA Trp was not available, unmodified human tRNA Trp transcript was aminoacylated by human TrpRS and the rate was similar to the rate of bovine tRNA Trp present in a mixture of native bovine tRNA (data not shown). Therefore, using in vitro transcribed tRNA as substrate, the aminoacylation activities of B.subtilis and human TrpRS could be evaluated.
Twelve different bases across acceptor stem, D-arm and anticodon stem
In order to determine which part of tRNA Trp contributes to the species-specific aminoacylation, three multiple mutations were generated and assayed using both B.subtilis and human TrpRS. Figure 1 shows the secondary structures of the two wild-types ( Human tRNA Trp is also a poor substrate for B.subtilis TrpRS, significant loss of aminoacylation efficiency (-132-fold) being observed in the assay.
As shown in Figure 1B , a multiple mutation at all 12 different positions was made in B.subtilis tRNA Trp ; these nucleotides were changed to the corresponding nucleotides present in human tRNA Trp . The resultant mutant shows a sharp decrease in aminoacylation efficiency by B.subtilis TrpRS as compared to wild-type B.subtilis tRNA Trp transcript (-127-fold). At the same time, this mutant exhibits a strong positive effect on k cat /K m value (from -91-fold to +1.2-fold) by human TrpRS. On the basis of these results, two additional mutants were generated and assayed in order to find the exact part of tRNA Trp contributing to the species-specific aminoacylation. One mutant included multiple changes in the acceptor stem and at A9G (Fig. 1C) ; the other had six substitutions in the Darm and anticodon stem (Fig. 1D) . Aminoacylation assays by both bacterial and eukaryotic enzymes show that the acceptor/ A9G mutant has almost the same kinetic parameters as the acceptor/D-arm/anticodon mutant (-124-fold), indicating the minor effects of the substitutions in the D-arm and anticodon stem. Subsequent examination of the D-arm/anticodon mutant further confirmed this notion. In aminoacylation by B.subtilis TrpRS, only a minor negative effect (-1.6-fold as compared to wild-type B.subtilis tRNA Trp ) was observed for the D-arm/anticodon mutant. Meanwhile, it was not surprising that the Darm/anticodon mutant was a poor substrate for human TrpRS (-90-fold), just like the wild-type B.subtilis tRNA Trp (Fig. 2D) .
Based on these data, we propose that the elements contributing to species-specific aminoacylation are mainly located in the acceptor stem.
Cross-species aminoacylation by human TrpRS
On the basis of wild-type B.subtilis tRNA Trp (WTB, Fig. 2A ), three mutants named MBH1, MBH2 and MBH3 were made in order to determine the exact role of these five elements in species-specific aminoacylation ( Fig. 2B-D) . Likewise, three other mutants, MHB1, MHB2 and MHB3 (Fig. 2F-H) , were generated on the basis of wild-type human tRNA Trp (WTH, Fig. 2E ). Results are summarized in Figure 2 and detailed values are given in Table 1 .
Human TrpRS weakly aminoacylates the wild-type B.subtilis tRNA Trp transcript, with a 91-fold decrease in k cat /K m relative to that of the unmodified human transcript (Fig. 2A) . The relatively low efficiency of cross-acylation may be due to the large differences between B.subtilis and human tRNA Trp in the acceptor stem (different N73 discriminator base and 6 of 7 bp). A single mutation of the acceptor stem at position 73 (MBH1) was made because it was shown previously to be important for B.subtilis tRNA Trp aminoacylation by its cognate synthetase (12) . This mutation resulted in a drastic increase in aminoacylation efficiency from -91-to -3.3-fold as compared with the wild-type B.subtilis tRNA Trp ( Fig. 2A and B) . Then, the transcripts of MBH2 and MBH3 were subjected to aminoacylation assay, which showed that the A1G/U72C and G5U/ C68G mutations further improved aminoacylation activity (from -3.3-to -2.1-and -1.3-fold).
The mutants based on human tRNA Trp were transcribed in vitro and assayed with human TrpRS. The single mutant MHB1 showed a large decrease in aminoacylation efficiency (-10-fold, Fig. 2F ) as compared to the wild-type human tRNA Trp . The double and multiple mutants (MHB2 and MHB3) showed minor additional negative effects (from -10-to -11-and -16-fold) in the recognition of human tRNA Trp .
Cross-species aminoacylation by B.subtilis TrpRS
As reported previously (12) , B.subtilis TrpRS weakly aminoacylates tRNA Trp from eukaryotic sources. Human tRNA Trp is also a poor substrate of B.subtilis TrpRS, with a 132-fold decrease in aminoacylation efficiency as compared to wildtype B.subtilis tRNA Trp . A single mutation A73G greatly increased the k cat /K m value of human tRNA Trp by 10 times (from -132-to -13-fold). Additional mutations G1A/C72U and U5G/G68C also had minor positive effects on B.subtilis TrpRS recognition (from -13-to -9.1-and -7.1-fold, Fig. 2F-H) .
A set of single mutations described in a previous work (12) established G73 in B.subtilis tRNA Trp as the major identity element and A1/U72, G5/C68 as minor elements. In our present study, these elements were examined again by the combination of single and multiple mutations. The substitution of G73A resulted in a sharp decrease in k cat /K m relative to B.subtilis tRNA Trp (-179-fold, Fig. 2B ). The changes at A1/ U72 and G5/C68 had minor additional effects on B.subtilis TrpRS recognition (from -179-to -181-and -435-fold, Fig.  2B-D) .
Sequence analyses of TrpRS
Previous genetic and biochemical studies have identified many genes of TrpRS from all three taxa. From a comparison of these different sequences, we observed great similarities among the sequences from the same taxon and very low sequence identities across taxa. For instance, the sequence similarity between B.subtilis and Bacillus stearothermophilus TrpRS is 76%, the sequence identity between human and M.musculus TrpRS is even higher (89%), but the sequence similarity between the B.subtilis and human enzymes is only 11%. To gain further insight into the evolution of TrpRS, we searched a well-established aaRS sequence database and the obtained TrpRS sequences were subjected to computer analysis. Twenty-two sequences were used for the analysis in this work, including 13 from bacteria, three from archaea and six from eukarya.
The TrpRS sequences can be aligned so that 14 positions are completely conserved in their amino acid residue identities (Fig. 3, marked by asterisks) . The crystal structure of B.stearothermophilus TrpRS has been determined (34), thus a framework to locate these conserved residues in the structure is available. Conserved residues are located not only in the HIGH and KMSKS class-defining motifs (residues G18, K193, M194, S195 and S197 in the B.subtilis enzyme) but also in other regions (residues G8, D42, G70, A132, P143, D147, R156, A159 and K270 in the B.subtilis enzyme), indicating that TrpRSs from B.subtilis and human evolved from a common ancestral gene in spite of their low overall sequence similarity.
The alignment revealed that the 22 sequences could be sorted into two groups on the basis of an N-terminal extension pattern. The separation of these two groups has a perfect coincidence to the taxonomic origins of TrpRS. As shown in Figure  3 , the sequences from archaea and eukarya are sorted into one group (the AE group) and the bacterial sequences are sorted into another group (the B group). The AE group has an extension of 55-152 amino acids located at the N-terminus. We also noted that the amino acid residues in many positions show great similarity in a group-specific manner. For instance, in the predicted acceptor binding loop, K110 (in the B.subtilis enzyme) is completely conserved in the B group, whereas G268 and F269 (in the human enzyme) are conserved in the AE group. Furthermore, the AE group shows a shortened pattern in the predicted acceptor binding loop. The large differences between the two groups in this small region may be due to the large differences between the two groups at the tRNA Trp acceptor stem (see below), especially the N73 discriminator base. Besides the class-defining motifs (HIGH and the KMSKS loop), the 22 sequences show great similarity in the regions of the 'specificity helix', the 'bottom of the AA pocket' and the 'putative C35 binding pocket'.
Partitioning of the 22 TrpRS sequences into two groups on the basis of the N-terminal extension pattern was further supported by phylogenetic analysis. After all gaps and insertions were deleted, the remaining 244 residues were used to compute a distance matrix of these sequences, from which the phylogenetic tree was constructed. As shown in Figure 5B , the two main branches are well separated and this result was supported by high bootstrap confidence values.
The bipartite sorting of the sequences is consistent with taxonomic classification of the organisms from which the sequences were isolated. The prokaryotic group strictly consists of sequences from bacteria and the eukaryotic group contains sequences from eukarya and archaea.
Sequence analyses of tRNA Trp
The alignment of 10 tRNA Trp acceptor stem sequences also resulted in the partitioning of these sequences into two groups (Fig. 4) . One group consists of sequences from bacteria and the other contains sequences from archaea and eukarya. The A73 discriminator base and G1/C72 are conserved in the eukaryotic group, whereas the prokaryotic group conserves G73 and A1/ U72 at the same positions.
The phylogenetic tree of 10 tRNA Trp acceptor stem sequences (Fig. 5A ) was constructed to study the co-evolution of the enzymes and their cognate tRNA Trp . From Figure 5A we can see that the two main branches are well separated and the sequences in each branch strictly derived from bacteria or from archaea and eukarya.
DISCUSSION
A previous sequence analysis of tRNA Trp from different sources revealed that 12 bases were uniquely common to bacterial sequences, but unshared by the sequences from archaea and eukarya (12) . These 12 bases are the best candidates as contributing to species-specific aminoacylation. Among them, discriminator base G73 was identified as a major identity element recognized by B.subtilis TrpRS and A1/U72, G5/C68 and A9 as minor elements (12) . The counterparts in human tRNA Trp were examined in this work. From aminoacylation assays of the in vitro transcripts, the identity elements recognized by human TrpRS were established to be: major element, discriminator base A73; minor elements, G1/C72 and U5/G68. Although the anticodon trinucleotide was considered a major identity element in the recognition of B.subtilis enzyme (12), it was not included in this study because it is common to all tRNA Trp sequences and cannot contribute to species-specific aminoacylation. In order to determine which part of tRNA Trp contributes to its species-specific aminoacylation, three multiple mutations were generated and assayed The specificity constant (k cat /K m ) for aminoacylation of tRNA Trp variant transcripts was derived from a Lineweaver-Burk plot. k cat /K m is given relative to that of a wild-type tRNA Trp transcript aminoacylated by its cognate TrpRS, which was set at 1.0. Concentrations of tRNA Trp ranging from 0.1 to 20 µM were used and the TrpRS concentration was 25, 50 or 100 nM. using both B.subtilis and human TrpRS. The aminoacylation efficiencies of these mutants are shown in Figure 1 . If the mutant has B.subtilis tRNA Trp identity elements G73, A1/U72 and G5/C68, then it is a good substrate for B.subtilis TrpRS and a poor substrate for human enzyme. On the other hand, if the mutant has human tRNA Trp elements, its aminoacylation efficiency will be high for human enzyme and relatively low for B.subtilis TrpRS. From the experimental data we propose that the acceptor stem of the cloverleaf structure contributes most to species-specific aminoacylation of tRNA Trp . With this in mind, a series of tRNA Trp mutants were prepared to identify the exact roles of those species-specific elements in the operational RNA code. As shown in Figure 2B , single base mutation of the G73 discriminator base to A resulted in a sharp decrease in aminoacylation efficiency by B.subtilis TrpRS and a drastic increase in aminoacylation efficiency by human TrpRS. A similar pattern was observed for another single base mutation of the A73 discriminator base to G (Fig. 2F) in human tRNA Trp . This mutation also resulted in a significant loss of aminoacylation efficiency by human TrpRS and a large increase in aminoacylation efficiency by B.subtilis TrpRS. The positive or negative effects of N1/N72 and N5/N68 mutations on aminoacylation efficiency by both the B.subtilis and human enzymes seemed to be minor. This fact may partly explain why G73 is always conserved in tRNA Trp sequences from bacteria, whereas A is conserved at this position in the archaeal and eukaryotic sequences of tRNA Trp . From these data, we can see that species-specific aminoacylation can be altered by a single mutation of the N73 discriminator base. The N1/N72 and N5/ N68 base pairs also contribute to species-specific aminoacylation, but to a lesser extent. The G73 (A73) discriminator base is thus established to be the major species-specific aminoacylation element, with A1/U72 and G5/C68 (G1/C72, U5/G68) as minor elements.
A species-specific operational RNA code was recently revealed in the GlyRS (15, 35) and LysRS (36) systems. In the GlyRS system, the conserved N73 discriminator base is U in all tRNA Gly from bacteria and A for those from archaea and eukarya. Therefore, the partitioning of enzymes is consistent with conservation of N73, which is an important recognition element for both mammalian and bacterial GlyRS. There is a small difference in the LysRS system. Although A73 is conserved in bacteria and G73 is uniquely common to archaea and eukarya, G73 is not a critical element for the human enzyme. In contrast to the species-specific operational RNA code, specific bases in the acceptor stem have been identified as major identity determinants across taxa. For example, the G3/U70 wobble base pair of tRNA Ala is crucial for tRNA recognition by the cognate AlaRS from E.coli, human and yeast (5, (37) (38) (39) (40) .
From our present studies, B.subtilis TrpRS seems to be more stringent in the selection of substrate tRNA Trp than human TrpRS. For example, MBH1 and MHB1 are both single substitution mutants, but the single mutation G73A (MBH1) has an 18 times larger effect on B.subtilis enzyme recognition than MHB1 on human TrpRS (-179-versus -10-fold, Table 1 ). At the same time, MBH1 can be aminoacylated at a relatively higher level by human TrpRS as compared to the aminoacylation of MHB1 by B.subtilis enzyme (-3.3-versus -13-fold, Table 1 ). This fact suggests that TrpRS has become more tolerant to changes in tRNA Trp during evolution.
As shown in Figure 3 , the class-defining HIGH and KMSKS motifs were highly conserved. Unlike other tRNAs, tRNA Trp has only one anticodon, CCA, and C35 is strictly conserved in all tRNA Trp . On the basis of this fact, we proposed that all the TrpRS sequences must share a conserved region for binding of the anticodon. The ClustalX multiple sequence alignment confirmed this notion. In the putative C35 binding pocket, K270 (in B.subtilis TrpRS) is completely conserved in the 22 sequences across three taxa. The high sequence similarity in the bottom of the AA pocket indicates that all TrpRS sequences share a common structure for binding of their cognate amino acid, tryptophan. The segment called the 'specificity helix' contains a high proportion of side chains that interact specifically with the substrate tryptophan and it is also highly conserved in these sequences. These 22 TrpRS sequences are sorted into two groups on the basis of a specific N-terminal extension pattern. Sequences from archaea and eukarya with high similarity were sorted into the AE group and sequences from bacteria were sorted into the B group. Similar to the TrpRS system, 21 GlyRS sequences could also be sorted into two groups, one containing synthetases primarily from archaea and eukarya and the other from bacteria (41) . The ProRS system is another example of such partition (17) . In our present analyses, 14 residues of TrpRS are strictly conserved in the 22 sequences examined, indicating that in this case the two groups (the AE and B groups) were derived from a common ancestor. The partition was further supported by phylogenetic analysis of TrpRS sequences. In the phylogenetic tree of TrpRS, the sequences from bacteria and those from archaea and eukarya are well separated and the partition was supported by high bootstrap confidence values. This result is consistent with phylogenetic analysis of aaRS (42) . In that report, 17 aaRS were grouped into three models: the standard, simple import and anomalous models. TrpRS, LeuRS, AspRS and GluRS belong to the standard model. In the standard model, the archaea are shown to be nearer to the eukarya than bacteria and mitochondrial sequences are more similar to those in bacteria (Fig. 5C ). Ten tRNA Trp acceptor stem sequences in the phylogenetic tree were also sorted into an AE and a B group. According to this partition, tRNA Trp were found to be another example of the standard model. The similar partitions of TrpRS and tRNA Trp sequences in the alignment and phylogenetic analyses indicate the coevolutionary relationship of TrpRS and the acceptor stem of tRNA Trp .
